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Receiving a signal associated with an operating
temperature of the wind turbine

L 402

A

Determining a desired power output range of the
wind turbine at the operating temperature

L 404

|

Comparing a power output of the wind turbine
to the desired power output range

406

Y

Adjusting the power output when the power
output is outside the desired power output range

L~ 408
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Measuring the operating temperature of a
component of the wind turbine

L— 500

A 4

Determining a power limitation rate of the wind
turbine

_— 502

Generating a first power curve and a second
power curve based on the power limitation rate

— 504

A

Determining a desired power output range of the
wind turbine at a particular component operating
temperature

(‘ 506

Comparing a power output of the wind turbine
to the desired power output range

|~ 508

Adjusting the power output of the wind turbine
based on the first power curve and/or the second
~ power curve.

L— 510

L\

514

[

Decreasing the power output based
on the first power curve when the
power output exceeds the desired

power output range

Increasing the power output based on
the second power curve when the
power output is below the power

output range

FIG. -5 -
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1
METHODS FOR ADJUSTING THE POWER
OUTPUT OF A WIND TURBINE

FIELD OF THE INVENTION

The present subject matter relates generally to methods for
controlling a wind turbine and, more particularly, to methods
for adjusting the power output of a wind turbine based on the
operating temperatures of one or more wind turbine compo-
nents in order to prevent damage to such components due to
overheating.

BACKGROUND OF THE INVENTION

Generally, a wind turbine includes a tower, a nacelle
mounted on the tower, and a rotor coupled to the nacelle. The
rotor typically includes a rotatable hub and a plurality of rotor
blades coupled to and extending outwardly from the hub.
Each rotor blade may be spaced about the hub so as to facili-
tate rotating the rotor to enable kinetic energy to be trans-
ferred from the wind into usable mechanical energy, and
subsequently, electrical energy.

The wind turbine may also include various other compo-
nents. For example, the wind turbine may include a generator,
a turbine controller, cooling systems, associated electronics
and various other components housed within the hub, nacelle
and/or tower of the wind turbine. Such wind turbine compo-
nents are generally subject to varying operating temperatures
due to, for example, the heat generated by the wind turbine,
itself, (e.g. during the power generation process) and seasonal
changes to the ambient air conditions. Thus, wind turbine
components are typically designed to operate over a prede-
termined range of temperatures. As a result, when excessive
operating temperatures are achieved, wind turbine compo-
nents may be subject to damage due to overheating.

Typically, to prevent damage due to overheating, a wind
turbine is shut down when the operating temperatures within
the turbine exceed a predetermined temperature value. How-
ever, such action results in significant down time for the wind
turbine, thereby decreasing the overall efficiency and power
output of the turbine.

Accordingly, a method for adjusting the power output of a
wind turbine based on component operating temperatures
that allows for the prevention of component overheating with-
out shutting down the wind turbine would be welcomed in the
technology.

BRIEF DESCRIPTION OF THE INVENTION

Aspects and advantages of the invention will be set forth in
part in the following description, or may be obvious from the
description, or may be learned through practice of the inven-
tion.

In one aspect, the present subject matter discloses a method
for adjusting the power output of a wind turbine based on
component operating temperatures. The method may gener-
ally include receiving a signal associated with an operating
temperature of the wind turbine, determining a desired power
output range of the wind turbine at the operating temperature,
comparing a power output of the wind turbine to the desired
power output range and adjusting the power output when the
power output is outside the desired power output range.

In another aspect, the present subject matter discloses a
method for adjusting the power output of a wind turbine based
on component operating temperatures. The method may gen-
erally include determining a power limitation rate of the wind
turbine, generating a first power curve and a second power
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curve based on the power limitation rate and adjusting a
power output of the wind turbine based on at least one of the
first power curve and the second power curve.

These and other features, aspects and advantages of the
present invention will become better understood with refer-
ence to the following description and appended claims. The
accompanying drawings, which are incorporated in and con-
stitute a part of this specification, illustrate embodiments of
the invention and, together with the description, serve to
explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

A full and enabling disclosure of the present invention,
including the best mode thereof, directed to one of ordinary
skill in the art, is set forth in the specification, which makes
reference to the appended figures, in which:

FIG. 1 illustrates a perspective view of one embodiment of
a wind turbine;

FIG. 2 illustrates a perspective, interior view of one
embodiment of a nacelle of a wind turbine;

FIG. 3 illustrates a schematic diagram of one embodiment
of a turbine controller of a wind turbine in accordance with
aspects of the present subject matter;

FIG. 4 illustrates a flow diagram of one embodiment of a
method for adjusting the power output of a wind turbine based
on component operating temperatures in accordance with
aspects of the present subject matter;

FIG. 5illustrates a detailed flow diagram of various method
elements that may be utilized in performing one or more
embodiments of the methods disclosed herein in accordance
with aspects of the present subject matter;

FIG. 6 illustrates one embodiment of a component graph
having first and second power curves plotting the power out-
put of the wind turbine versus the operating temperature of a
wind turbine component in accordance with aspects of the
present subject matter;

FIG. 7 illustrates the component graph shown in FIG. 6,
wherein a currently measured operating temperature, T, and
a previously measured operating temperature, T, |, are iden-
tified in accordance with aspects of the present subject matter;
and,

FIG. 8 illustrates the component graph shown in FIG. 6,
wherein a currently measured operating temperature, T, and
a previously measured operating temperature, T, |, are iden-
tified in accordance with aspects of the present subject matter.

DETAILED DESCRIPTION OF THE INVENTION

Reference now will be made in detail to embodiments of
the invention, one or more examples of which are illustrated
in the drawings. Each example is provided by way of expla-
nation ofthe invention, not limitation of the invention. In fact,
it will be apparent to those skilled in the art that various
modifications and variations can be made in the present
invention without departing from the scope or spirit of the
invention. For instance, features illustrated or described as
part of one embodiment can be used with another embodi-
ment to yield a still further embodiment. Thus, it is intended
that the present invention covers such modifications and
variations as come within the scope of the appended claims
and their equivalents.

In general, the present subject matter is directed to methods
for adjusting the power output of a wind turbine based on the
operating temperatures of one or more wind turbine compo-
nents. For example, athigh operating temperatures, the power
output of the wind turbine may be reduced to prevent damage
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to the wind turbine component(s) due to overheating. Once
the operating temperatures of such component(s) have
reduced, the power output of the wind turbine may then be
increased to normal operating levels. Thus, by continuously
adjusting the power output of the wind turbine based on
component operating temperatures instead of powering down
the wind turbine at high operating temperatures, the overall
efficiency and power output of the wind turbine may be
increased.

Referring now to the drawings, FIG. 1 illustrates perspec-
tive view of one embodiment of a wind turbine 10. As shown,
the wind turbine 10 includes a tower 12 extending from a
support surface 14, a nacelle 16 mounted on the tower 12, and
a rotor 18 coupled to the nacelle 16. The rotor 18 includes a
rotatable hub 20 and at least one rotor blade 22 coupled to and
extending outwardly from the hub 20. For example, in the
illustrated embodiment, the rotor 18 includes three rotor
blades 22. However, in an alternative embodiment, the rotor
18 may include more or less than three rotor blades 22. Each
rotor blade 22 may be spaced about the hub 20 to facilitate
rotating the rotor 18 to enable kinetic energy to be transferred
from the wind into usable mechanical energy, and subse-
quently, electrical energy. For instance, the hub 20 may be
rotatably coupled to an electric generator 32 (FIG. 2) posi-
tioned within the nacelle 16 to permit electrical energy to be
produced.

As shown, the wind turbine 10 may also include a turbine
control system or a turbine controller 24 centralized within
the nacelle 16. However, it should be appreciated that the
turbine controller 24 may be disposed at any location on or in
the wind turbine 10, at any location on the support surface 14
or generally at any other location. As will be described in
detail below with reference to FIG. 3, the turbine controller 24
may generally comprise as any suitable processing unit con-
figured to perform the methods, steps, operations, calcula-
tions and the like described herein. Thus, in several embodi-
ments, the turbine controller 24 may include suitable
computer-readable instructions that, when implemented,
configure the controller 24 perform various different actions,
such as transmitting and executing wind turbine control sig-
nals and/or commands.

By transmitting and executing wind turbine control signals
and/or commands, the turbine controller 24 may generally be
configured to control the various operating modes (e.g., start-
up or shut-down sequences) and/or components of the wind
turbine 10. For example, the controller 24 may be configured
to control the blade pitch or pitch angle of each of the rotor
blades 22 (i.e., an angle that determines a perspective of the
rotor blades 22 with respect to the direction 26 of the wind) to
control the load and power output generated by the wind
turbine 10 by adjusting an angular position of at least one
rotor blade 22 relative to the wind. For instance, the turbine
controller 24 may control the pitch angle of the rotor blades
22, either individually or simultaneously, by transmitting
suitable control signals/commands to a pitch drive or pitch
adjustment mechanism 46 (FIG. 2) of the wind turbine. Spe-
cifically, the rotor blades 22 may be rotatably mounted to the
hub 20 by one or more pitch bearing(s) (not illustrated) such
that the pitch angle may be adjusted by rotating the rotor
blades 22 along their longitudinal axes 28 using the pitch
adjustment mechanism 46. Further, as the direction 26 of the
wind changes, the turbine controller 24 may be configured to
control a yaw direction of the nacelle 16 about a yaw axis 30
to position the rotor blades 22 with respect to the direction 26
of the wind, thereby controlling the load and power output
generated by the wind turbine 10. For example, the turbine
controller 24 may be configured to transmit control signals/
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4

commands to a yaw drive mechanism 44 (FIG. 2) of the wind
turbine 10 such that the nacelle 16 may be rotated about the
yaw axis 30.

Referring now to FIG. 2, a simplified, internal view of one
embodiment of the nacelle 16 of the wind turbine 10 is illus-
trated. As shown, a generator 32 may be disposed within the
nacelle 16. In general, the generator 32 may be coupled to the
rotor 18 of the wind turbine 10 for generating electrical power
from the rotational energy generated by the rotor 18. For
example, the rotor 18 may include a rotor shaft 34 coupled to
the hub 20 for rotation therewith. The generator 32 may then
be coupled to the rotor shaft 34 such that rotation of the rotor
shaft 34 drives the generator 32. For instance, in the illustrated
embodiment, the generator 32 includes a generator shaft 36
rotatably coupled to the rotor shaft 34 through a gearbox 38.
However, in other embodiments, it should be appreciated that
the generator shaft 36 may be rotatably coupled directly to
rotor shaft 34. Alternatively, the generator 32 may be directly
rotatably coupled to rotor shaft 34 (often referred to as a
“direct-drive wind turbine”).

In several embodiments, during operation of the wind tur-
bine 10, the torque of the rotor 18 drives the generator 32 such
that a variable frequency AC electrical power may be gener-
ated from the rotation of the rotor 18. In such embodiments, a
frequency converter unit 40 may be electrically coupled to the
generator 32 for converting the variable frequency AC power
to a fixed frequency AC power. In general, the frequency
converter unit 40 may be located at any suitable location
within the wind turbine 10 or at a suitable location remote to
the wind turbine 10. However, as shown in the illustrated
embodiment, the frequency converter unit 40 may be located
within the tower 12 of the wind turbine 10, such as by being
located within a down tower assembly of the wind turbine 10.

Additionally, as indicated above, the turbine controller 24
may also be located within the nacelle 16 of the wind turbine
10. For example, as shown in the illustrated embodiment, the
turbine controller 24 is disposed within a control cabinet 42
mounted to a portion of the nacelle 16. However, in other
embodiments, the turbine controller 24 may be disposed at
any other suitable location on and/or within the wind turbine
10 or at any suitable location remote to the wind turbine 10.
Moreover, as described above, the turbine controller 24 may
also be communicatively coupled to various components of
the wind turbine 10 for generally controlling the wind turbine
and/or such components. For example, the turbine controller
24 may be communicatively coupled to the yaw drive mecha-
nism 44 of the wind turbine 10 for controlling and/or altering
the yaw direction of the nacelle 16 relative to the direction 26
(FIG. 1) of the wind. Similarly, the turbine controller 24 may
also be communicatively coupled to each pitch adjustment
mechanism 46 of the wind turbine 10 (one of which is shown)
for controlling and/or altering the pitch angle of the rotor
blades 22 relative to the direction 26 of the wind. For instance,
the turbine controller 24 may be configured to transmit a
control signal/command to the pitch adjustment mechanism
46 such that one or more actuators (not shown) of the pitch
adjustment mechanism 46 may be utilized to rotate the blades
22 relative to the hub 20.

Additionally, the wind turbine 10 may also include a plu-
rality of sensors for detecting, sensing and/or measuring one
or more operating parameters and/or operating conditions of
the wind turbine 10. Thus, in several embodiments, the wind
turbine 10 may include one or more temperature sensors 48,
50, 52 for detecting, sensing and/or measuring the operating
temperatures of one or more of the components of the wind
turbine 10. As used herein, the term “operating temperature”
may refer to the internal temperature of a wind turbine com-
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ponent, the surface temperature of a wind turbine tempera-
ture, the ambient temperature of the air surrounding a wind
turbine component and/or any other suitable temperature
measurement associated with a wind turbine component. For
example, as shown in FIG. 2, a temperature sensor 48 may be
mounted to and/or disposed within the generator 32 for deter-
mining the operating temperature of the generator 32. Simi-
larly, temperature sensors 50, 52 may be mounted to and/or
disposed within the frequency converter unit 40 and/or the
control cabinet 42 for determining the operating temperature
of the frequency converter unit 40 and/or the control cabinet
42 (and/or turbine controller 24), respectively. It should be
appreciated that various other temperature sensors 48, 50, 52
may be disposed at other suitable locations within the wind
turbine 10, such as at suitable locations within the nacelle 16,
tower 12, hub 20 and/or rotor blades 22, in order to permit
measurements of component operating temperatures to be
obtained.

In general, the temperature sensors 48, 50, 52 may com-
prise any suitable sensors and/or other sensing devices known
in the art for detecting, sensing and/or measuring the tem-
perature of an object and/or the temperature of the air sur-
rounding the object. For example, suitable temperature sen-
sors 48, 50, 52 may include, but are not limited to,
thermocouples, thermometers, thermistors, resistance tem-
perature detectors, fiber optic temperature sensors, semicon-
ductor temperature sensors, pyrometers, thermal imagers
and/or the like.

Moreover, in several embodiments, the wind turbine 10
may also include one or more sensors 54 for detecting, sens-
ing and/or measuring the electrical power output of the gen-
erator 32. It should be appreciated that such sensor(s) 54 may
generally be disposed at any suitable location within or
remote to the wind turbine 10 that permits the sensor(s) 54 to
provide data relating to the power output of the generator 32.
For example, as shown in FIG. 2, the sensor(s) 54 may be
disposed within a portion of the generator 32. It should also be
appreciated that suitable sensors 54 for detecting, sensing
and/or measuring the electrical power output of the generator
32 may include, but are not limited to, Hall effect current
transducers and/or capacitive voltage transducers.

In further embodiments, the wind turbine 10 may also
include various other sensors for detecting, sensing and/or
measuring one or more operating parameters and/or operat-
ing conditions of the wind turbine 10. For example, the wind
turbine 10 may include sensors for detecting, sensing and/or
measuring the pitch angle of each rotor blade 22, the speed of
the rotor shaft 34, the torque on the rotor shaft 34, the torque
on the generator shaft 36, the ambient air pressure, the ambi-
ent air humidity and/or other ambient conditions and/or
operational parameters of the wind turbine 10.

Referring now to FIG. 3, there is illustrated a block dia-
gram of one embodiment of the turbine controller 24. In
general, the turbine controller 24 may comprise a computer or
any other suitable processing unit. Thus, in several embodi-
ments, the turbine controller 24 may include one or more
processor(s) 56 and associated memory device(s) 58 config-
ured to perform a variety of computer-implemented functions
(e.g., performing the methods, steps, operations, calculations
and the like disclosed herein). As used herein, the term “pro-
cessor” refers not only to integrated circuits referred to in the
art as being included in a computer, but also refers to a
controller, a microcontroller, a microcomputer, a program-
mable logic controller (PLC), an application specific inte-
grated circuit, and other programmable circuits. Additionally,
the memory device(s) 58 of the turbine controller 24 may
generally comprise memory element(s) including, but are not
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limited to, computer readable medium (e.g., random access
memory (RAM)), computer readable non-volatile medium
(e.g., aflash memory), a floppy disk, a compact disc-read only
memory (CD-ROM), a magneto-optical disk (MOD), a digi-
tal versatile disc (DVD) and/or other suitable memory ele-
ments. Such memory device(s) 58 may generally be config-
ured to store suitable computer-readable instructions that,
when implemented by the processor(s) 56 of the turbine con-
troller 24, configure the turbine controller 24 to perform
various functions including, but not limited to, executing
algorithms stored on the memory device(s) 58, determining
output data based on operating parameters and other input
variables provided to the turbine controller 24 and/or the like.
The memory device(s) 58 may also be used to store temporary
input and output variables and other immediate information
during execution by the processor(s) 56 of the computer-
readable instructions.

Additionally, as shown, the turbine controller 24 may also
include a communications module 60 to facilitate communi-
cation between the turbine controller 24 and the various com-
ponents of the wind turbine 10. In several embodiments, the
communications module 60 may include a sensor interface 62
to permit the sensors 48, 50, 52, 54 of the wind turbine 10 to
transmit output data (e.g., operating temperature measure-
ments, power output measurements and the like) to the tur-
bine controller 24. Thus, as shown, each sensor 48, 50, 52, 54
may be communicatively coupled to the turbine controller 24
through the sensor interface 62. For instance, in one embodi-
ment, the sensors 48, 50, 52, 54 may be communicatively
coupled to the sensor interface 62 through a wired connec-
tion, such as by coupling the sensors 48, 50, 52, 54 to the
sensor interface 62 through a cable or other suitable commu-
nicative link. Alternatively, the sensors 48, 50, 52, 54 may be
communicatively coupled to the sensor interface 62 through a
wireless connection. For example, each sensor 48, 50, 52, 54
may be equipped with a suitable antenna for transmitting
output data to the turbine controller 24 through any suitable
wireless communications protocol. In such an embodiment,
the communications module 60 may also include a suitable
antenna for receiving the data transmissions and/or for oth-
erwise wirelessly communicating with the sensors 48, 50, 52,
54.

It should be appreciated that a suitable sensor interface 62
may include, for instance, one or more analog-to-digital con-
verters configured to convert analog signals into digital sig-
nals that can be used by the processor(s) 56 of the turbine
controller 24.

Referring now to FIG. 4, there is illustrated a simplified
flow diagram of one embodiment of a method 400 for adjust-
ing the power output of a wind turbine 10 based on compo-
nent operating temperatures. As shown, the disclosed method
400 generally includes receiving a signal associated with an
operating temperature of the wind turbine 402, determining a
desired power output range of the wind turbine at the operat-
ing temperature 404, comparing a power output of the wind
turbine to the desired power output range 406 and adjusting
the power output when the power output is outside the desired
power output range 408. It should be appreciated that,
although the various method elements 402, 404, 406, 408 of
the disclosed method 400 are illustrated in a particular order
in FIG. 4, the method elements 402, 404, 406, 408 may
generally be performed in any sequence and/or order consis-
tent with the disclosure provided herein.

In general, the disclosed method 400 may permit the power
output of the wind turbine 10 to be controlled based on the
measured operating temperature(s) of one or more of the
components of the wind turbine 10. For example, the operat-
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ing temperature of a wind turbine component may be con-
tinuously monitored (e.g., using the temperature sensors 48,
50, 52) and compared to a predetermined alarm temperature
so as to provide a means for determining when such wind
turbine component may be overheating. If it is determined
that the operating temperature of the wind turbine component
has exceeded the predetermined alarm temperature, the
power output of the wind turbine 10 may then be reduced to
allow for a reduction in the operating temperature of the
component. For example, the operating temperature of the
generator 32 may be continuously monitored (e.g., using
temperature sensor 48) and compared to a predetermined
generator alarm temperature. When the operating tempera-
ture of the generator 32 exceeds the generator alarm tempera-
ture, the power output of the wind turbine 10 may be reduced,
thereby allowing the generator 32 to cool down. As the oper-
ating temperature of the generator 32 decreases, the power
output of the wind turbine 10 may then be correspondingly
increased to enhance the operating efficiency of the wind
turbine 100.

In several embodiments, the various method elements of
the disclosed method 400 may be performed by the turbine
controller 24. For example, as indicated above, the turbine
controller 24 may be communicatively coupled to the tem-
perature sensors 48, 50, 52 and, thus, may be configured to
receive a signal from such sensors 48, 50, 52 associated with
an operating temperature measurement of the wind turbine
10. Additionally, as will be described below, the turbine con-
troller 24 may also be provided with suitable software instruc-
tions that, when implemented, configure the turbine control-
ler 24 to automatically determine a desired power output
range, Py ,vez (FIGS. 6-8) of the wind turbine 10, compare
the power output of the wind turbine 10 to the desired power
output range, P ,vcz and adjust the power output when it
falls outside the desired power output range, Py, vez. How-
ever, it should be appreciated that, in alternative embodi-
ments, the disclosed method 400 may be performed by a
separate processing unit that is communicatively coupled to
the turbine controller 24, such as through a wired or wireless
connection.

Referring now to FIG. 5, there is illustrated a detailed flow
diagram of various method elements 500, 502, 504, 506, 508,
510, 512, 514 that may be utilized in performing one or more
embodiments of the methods disclosed herein, including the
embodiment of the method 400 shown in FIG. 4. It should be
appreciated that, although the various method elements 500,
502,504,506,508, 510,512, 514 are illustrated in a particular
order, the elements 500, 502, 504, 506, 508, 510, 512, 514
may generally be performed in any sequence and/or order
consistent with the disclosure provided herein. It should also
be appreciated that the disclosed methods may also include
additional method elements not illustrated in FIG. 4 or 5.

As shown in FIG. 5, in 500, the operating temperature of a
component of the wind turbine 10 may be measured. As
indicated above, a plurality of temperature sensors 48, 50, 52
may be disposed at numerous locations within the wind tur-
bine 10 to permit measurements of the operating tempera-
tures of the various wind turbine components to be obtained
by the turbine controller 24. For example, the operating tem-
perature measurements may correspond to the operating tem-
peratures of the generator 32, frequency converter unit 40, the
control cabinet 42 and/or any other suitable component of the
wind turbine 10.

In 502, a power limitation rate (FIGS. 6-8) of the wind
turbine 10 may be determined. In general, the power limita-
tion rate may correspond to the rate at which the power output
of the wind turbine 10 is to be adjusted based on increases
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and/or decreases in the operating temperature of the particu-
lar wind turbine component being monitored (e.g., the gen-
erator 32, frequency convertor unit 40, control cabinet 42
and/or any other suitable component of the wind turbine 10).
Thus, in one embodiment, the power limitation rate may be
equal to the change in power output of the wind turbine 10
over the change in measured operating temperature of a par-
ticular wind turbine component.

In several embodiments, the turbine controller 24 of the
wind turbine 10 may be provided with software instructions
including suitable formulas and/or algorithms that, when
implemented, configure the turbine controller 24 to automati-
cally determine the power limitation rate as a function of one
or more operating parameters, conditions and/or data of the
wind turbine 10. For example, in one embodiment, formulas
and/or algorithms may be developed that allow the turbine
controller 24 to automatically determine the power limitation
rate as a function of the operating temperature measurements
provided by the temperature sensors 48, 50, 52 and/or a
component life curve of the wind turbine 10. A component
life curve may generally correspond to the predicted or actual
operating life of a particular wind turbine component based
on the component’s operating temperature over time. Thus,
the component life curve of the wind turbine generator 32, for
example, may be produced using lookup tables and/or his-
torical data (e.g., condition-based maintenance data) includ-
ing the operating temperature of the generator 32 (measured
by one or more of the temperature sensors 48, 50, 52) over
time and relating such changing operating temperatures to the
operating and/or component life of the generator 32. In alter-
native embodiments, the power limitation rate may be deter-
mined using any other operating parameters, conditions and/
or data that generally provide suitable input variables for
establishing the rate at which the power output of the wind
turbine 10 is to be adjusted based on the operating tempera-
tures of a component of the wind turbine.

It should be appreciated that the development of suitable
formulas and/or algorithms for determining the power limi-
tation rate as a function of one or more operating parameters,
conditions, and/or data of the wind turbine 10 is generally
within the capability of those skilled in the art, and therefore
will not be discussed in any detail herein. Additionally, it
should be appreciated that the power limitation rate of the
wind turbine 10 need not based on the operating temperature
and/or the component life curve of a single wind turbine
component. Rather, in several embodiments, the power limi-
tation rate may be based on the operating temperatures and/or
component life curves of two or more wind turbine compo-
nents.

It should also be appreciated that, in alternative embodi-
ments, the power limitation rate need not be determined auto-
matically by the turbine controller 24. For example, in one
embodiment, the power limitation rate may be determined by
an operator of the wind turbine 10 and may be input into the
turbine controller 24 as an input variable. In such an embodi-
ment, the method element 502 of determining the power
limitation rate of the wind turbine 10 may simply comprise
the turbine controller 24 receiving an input signal associated
with the power limitation rate.

Additionally, it should be appreciated that the power limi-
tation rate may correspond to a constant or variable rate. Thus,
in one embodiment, the power limitation rate may be con-
tinuously changed and/or updated depending on, for
example, the operating temperature and/or the component life
curve of the component being monitored.

Referring still to FIG. 5, in 504, the power limitation rate
may be used to generate a first power curve and a second
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power curve (FIGS. 6-8). As indicated above, the power limi-
tation rate may generally correspond to the rate at which the
power output of the wind turbine 10 is to be adjusted based on
increases and/or decreases in the operating temperature of a
particular wind turbine component. Thus, in several embodi-
ments, the first and second power curves may be generated as
a function of power output and component operating tem-
perature using straight-line equations (e.g., the slope-inter-
cept formula y=mx+b), wherein the power limitation rate
corresponds to the slope of the first and second power curves.
As such, the first and second power curves may generally
provide a linear correlation between the power output of the
wind turbine and the component operating temperatures,
thereby providing a means for adjusting the power output
based on changes to the operating temperature of a particular
wind turbine component so as to prevent such component
from being damaged due to overheating.

For example, FIGS. 6-8 illustrate various embodiments of
component graphs showing first and second power curves
that may be generated by the turbine controller 24 in order to
correlate the power output of the wind turbine 10 to the
operating temperatures of a wind turbine component. As
shown, the first power curve may generally be generated as a
function of the determined power limitation rate, the rated
power output of the generator 32, Py ,7xp, and a predeter-
mined alarm temperature, T,; 4z, for the particular wind
turbine component be monitored. Specifically, by inputting
the rated power output, Py .., and the alarm temperature,
T 7 4rar i0to the turbine controller 24 as initial x and y coor-
dinates (T ,; ,z1p» Prarep), the first power curve may be gen-
erated by utilizing the power limitation rate as the slope of the
curve.

For instance, using the frequency converter unit 40 of the
wind turbine 10 as an example, a suitable power limitation
rate may be determined based on the measured operating
temperatures of the frequency converter unit 40 and/or the
component life curve of the frequency converter unit 40. In
addition, the alarm temperature, T ,; ,., for the frequency
converter unit 40 and the rated power output of the generator
32, Pr,rz=p, may be stored within the turbine controller 24 as
input variables. As a result, the turbine controller 24 may be
configured to generate the first power curve so as to relate the
power output of the wind turbine 10 to the operating tempera-
tures of the frequency converter unit 40.

It should be appreciated that the alarm temperature,
T 7 4rar fOr a particular wind turbine component may gener-
ally correspond to any suitable predetermined temperature
value. However, in several embodiments, the alarm tempera-
ture, T,; ,z1, May correspond to a maximum temperature
value at which the particular wind turbine component may be
operated without being subject to damage due to overheating.

Additionally, in several embodiments, the second power
curve may be generated as function of the first power curve.
For example, as indicated above, the power limitation rate
may generally correspond to the slope of both the first and
second power curves. Thus, as shown in FIGS. 6-8, the sec-
ond power curve may extend parallel to the first power curve
and may be generated by offsetting the second power curve
from the first power curve by a predetermined temperature
range, T, vee In general, the predetermined temperature
range, T ,yvez may correspond to any suitable temperature
range. However, in several embodiments, the predetermined
temperature range, Tz, sz may be chosen in order to tailor
the sensitivity of the turbine controller 24 in making adjust-
ments to the power output based on changes to the component
operating temperatures. For instance, as will be described
below, the first and second power curves may be utilized to
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determine a desired power output range, P,z 0f the wind
turbine 10 at a particular component operating temperature.
Accordingly, the spacing between the first and second power
curves (i.e., the predetermined temperature range, T ,vcz)
may have a direct effect on the desired power output range,
Privce Specifically, as the predetermined temperature
range, T, vaz 15 decreased, the desired power output range,
Privce, 18 correspondingly decreased, thereby configuring
the turbine controller 24 to make adjustments to the power
output based on smaller operating temperature changes.

Referring to FIGS. 5 and 6, in 506, a desired power output
range, Pp ,ver, Of the wind turbine 10 may be determined at
a particular component operating temperature. The desired
power output range, Py , .z, may generally correspond to a
range of suitable power output values to which the power
output of the wind turbine 10 may be adjusted in order to
avoid damage to a wind turbine component having an oper-
ating temperature that exceeds the component’s alarm tem-
perature, T ,; , ., Specifically, as shown in FIG. 6, at com-
ponent operating temperatures at or below the alarm
temperature, T, , .., the wind turbine 10 may be operated at
the rated power output of the generator 32, Py 7, Without
risk of damage to the wind turbine component being moni-
tored. However, when the component operating temperature
exceeds the alarm temperature, T ,; , ., further operation of
the wind turbine 10 at the rated power output, Px -5, may
subject the wind turbine component to damage. Thus, in
several embodiments, the desired power output range,
Prinvce, may be determined based on the first and second
power curves so as to correlate the component operating
temperature to a suitable range of power output values. For
example, as shown in FIG. 6, when the current component
operating temperature, T, exceeds the alarm temperature,
T 7 4rar the desired power output range, Py , 72, may corre-
spond to the range of power output values between the first
and second power curves at the such operating temperature,
Tx. Specifically, in the illustrated embodiment, the power
output value, P, of the first power curve at the current
component operating temperature, T, may correspond to a
maximum power output value of the desired power output
range, P, var, and the power output value, P, of the second
power curve at the current component operating temperature,
Tz, may correspond to a minimum power output value of the
desired power output range, Pr ,vcz-

Once the desired power output range, Py vz has been
determined, the actual power output of the wind turbine 10
may then be compared to the desired output range, Py, vez.
(method element 508 of FIG. 5) and adjusted based on the
first power curve and/or the second power curve (method
element 510 of FIG. 5). Specifically, as indicated above, the
wind turbine 10 may include one or more sensors 54 (FIG. 2)
configured to detect, sense and/or measure the power output
of the generator 32 and transmit such data to the turbine
controller 24. Thus, in several embodiments, the turbine con-
troller 24 may be provided with suitable software instructions
that, when implemented, configure the controller 24 to com-
pare the power output measurements provided by the
sensor(s) 54 to the desired power output range, Px ,ncz In
such embodiments, if the turbine controller 24 determines
that the actual power output of the wind turbine 10 exceeds
the desired power output range, Py ,vcr (e.g., due to an
increase in the component operating temperature), the turbine
controller 24 may be configured to reduce the power output of
the wind turbine 10 according to the first power curve (e.g., by
reducing the power output to the power output value, P,,) to
prevent damage to wind turbine component being monitored
(method element 512 of FIG. 5). Similarly, if the turbine
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controller 24 determines that the actual power output of the
wind turbine 10 is below the desired power output range,
Privce, (€.2., due to a decrease in the component operating
temperature), the turbine controller 24 may be configured to
increase the power output of the wind turbine 10 according to
the second power curve (e.g., by increasing the power output
to the power output value, P.,) to enhance the operating
efficiency of the wind turbine 10 (method element 514 of FIG.
5).

For example, as shown in FIG. 6, the currently measured
operating temperature, T, indicates that the operating tem-
perature of the wind turbine component being monitored
exceeds its corresponding alarm temperature, T ,; ., By
using the first and second power curves, the desired power
output range, Pr,ves for such operating temperature may
then be determined and compared to the actual power output
of the wind turbine 10. Thus, assuming for purposes of
example that the wind turbine 10 is operating at the rated
power output of the generator 32, P =, the actual power
output of the wind turbine 10 exceeds the maximum power
output valve, P, of the desired power output range, P, vz,
thereby indicating that the component operating temperature
has increased beyond the alarm temperature, T ,; sz, As a
result, the power output of the wind turbine 10 may be
adjusted downwards according to the first power curve (e.g.,
by reducing the power output to the power output value, P, )
to allow the operating temperature of the component being
monitored to be reduced.

It should be appreciated that, upon making an adjustment
to the power output of the wind turbine 10, the component
operating temperature may be continuously monitored to
determine if further adjustments may be necessary. For
instance, FIG. 7 illustrates an example in which the currently
measured operating temperature, T, indicates that the oper-
ating temperature of the component being monitored has
further increased from the operating temperature measure-
ment shown in FIG. 6 (now T, ). Thus, using the first and
second power curves, the desired power output range,
Pr svae, for the current operating temperature, T,, may be
determined and compared to the actual power output (now
Py ;) of the wind turbine 10. As shown, the actual power
output, P ,, exceeds the maximum power output valve, P,
of the desired power output range, Px ,ycz- As a result, the
power output of the wind turbine 10 may be further adjusted
downwards according to the first power curve (e.g., by reduc-
ing the power output to the power output value, P, ) to effect
a reduction in the operating temperature of the component
being monitored.

It should also be appreciated that, as the component oper-
ating temperature is reduced and moves closer to the alarm
temperature, T, , ., the power output of the wind turbine 10
may be correspondingly increased to enhance the efficiency
of the wind turbine 10. For instance, FIG. 8 illustrates an
example in which the currently measure operating tempera-
ture, T, indicates that the operating temperature of the com-
ponent being monitored has decreased relative to the operat-
ing temperature measurement shown in FIG. 7 (now Tg ).
Thus, using the first and second power curves, the desired
power output range, Py .z, for the current operating tem-
perature, T, may be determined and compared to the actual
power output (now P, ) of the wind turbine 10. As shown,
the actual power output, P, |, is below the minimum power
output valve, P, of the desired power output range, P, vez-
Thus, the power output of the wind turbine 10 may be
adjusted upwards according to the second power curve (e.g.,
by increasing the power output to the power output value,
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Px-), as the likelihood of damage to the component being
monitored due to overheating has reduced.

It should also be appreciated that the power output of the
wind turbine 10 may be adjusted (i.e., increased and/or
decreased) using any suitable method, process, structure and/
or means known in the art. Thus, in several embodiments, the
power output may be adjusted by altering the pitch angle of
one or more of the rotor blades 22 of the wind turbine 10. For
example, in one embodiment, by decreasing the pitch angle of
one or more of the rotor blades 22, the power output of the
wind turbine 10 may be increased. Similarly, by increasing
the pitch angle of one or more of the rotor blades 22, the power
output of the wind turbine 10 may be decreased. As described
above, the pitch angle of the rotor blades 22 may be controlled
by the turbine controller 24 by transmitting a suitable control
signal/command to the pitch adjustment mechanism 46 of the
wind turbine 10.

In other embodiments, the power output may be adjusted
by controlling a yaw direction of the nacelle 16. For example,
the nacelle 16 may be rotated about the yaw axis 30 of the
wind turbine 10 to alter the position of the rotor blades 22
relative to the direction 26 of the wind, thereby altering the
power output of the wind turbine 10. As described above, the
yaw direction of the nacelle 16 may be controlled by the
turbine controller 24 by transmitting a suitable control signal/
command to the yaw drive mechanism 44 of the wind turbine
10.

In further embodiments, the power output of the wind
turbine 10 may be adjusted by modifying the torque on the
generator 32. For example, in one embodiment, by decreasing
the torque demand on the generator 32, the power output of
the wind turbine 10 may be decreased. Similarly, by increas-
ing the torque demand on the generator 32, the power output
of'the wind turbine 10 may be increased. In general, the toque
on the generator 32 may be modified using any suitable
method, process, structure and/or means known in the art. For
instance, in one embodiment, the torque on the generator 32
may be controlled using the turbine controller 24 by trans-
mitting a suitable control signal/command to the generator 32
in order to modulate the magnetic flux produced within the
generator 32.

In even further embodiments, the power output of the wind
turbine 10 may be adjusted by performing a combination of
two or more of the above described actions, such as by alter-
ing the pitch angle of one or more of the rotor blades 22
together with yawing the nacelle 16 or modifying the torque
on the generator 32 together with altering the pitch angle of
one or more of the rotor blades 22.

It should be appreciated that, although the various method
elements disclosed herein were described in the context of
monitoring the operating temperature of a single wind turbine
component in relation to the power output of the wind turbine
10, the operating temperatures of numerous wind turbine
components may be monitored and related to the power out-
put of the wind turbine 10. For example, in several embodi-
ments, power limitation rates, power curves and the like may
be determined and/or generated for any number of wind tur-
bine component such that component graphs similar to the
graphs shown in FIGS. 6-8 may be generated for each com-
ponent being monitored. In such embodiments, the desired
power output range, Pp, ez for each component being
monitored may differ. For instance, depending on how each
of the components being monitored responds to changing
operating temperatures, the power limitation rates for the
components may differ significantly, thereby resulting in dif-
fering desired power output ranges, Px ,vcz- As a result, it
should be appreciated that the suitable algorithms may be
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developed for determining how to the adjust the power output
of the wind turbine 10 based on the differing desired power
output ranges, Py, vgz- For example, in one embodiment, the
turbine controller 24 may be configured to consider the com-
ponent graph for each component being monitored and adjust
the power output of the wind turbine 10 to the lowest power
output value recommended by the graphs.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they include
structural elements that do not differ from the literal language
of'the claims, or if they include equivalent structural elements
with insubstantial differences from the literal languages of
the claims.

COMPONENT LIST
Reference Character Component
10 Wind turbine
12 Tower
14 Support surface
16 Nacelle
18 Rotor
20 Hub
22 Rotor Blade
24 Turbine controller
26 Direction
28 Longitudinal axis
30 Yaw axis
32 Electric Generator
34 Rotor shaft
36 Generator shaft
38 Gearbox
40 Frequency converter unit
42 Control cabinet
44 Yaw drive mechanism
46 Adjustment mechanism
48 Temperature sensors
50 Temperature sensors
52 Temperature sensors
54 Sensors
56 Processor(s)
58 Memory device
60 Communications module
62 Sensor interface
100 Wind turbine
400 Method
402 Method elements
404 Method elements
406 Method elements
408 Method elements
500 Method elements
502 Method elements
504 Method elements
506 Method elements
508 Method elements
510 Method elements
512 Method elements
514 Method elements

What is claimed is:

1. A method for adjusting the power output of a wind
turbine based on component operating temperatures, the
method comprising:

receiving a signal associated with an operating temperature

of the wind turbine;

generating a first power curve and a second power curve for

the wind turbine, each of the first and second power
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curves providing a correlation between the operating
temperature and a power output of the wind turbine;

determining a desired power output range of the wind
turbine at the operating temperature based on the first
and second power curves;

comparing the power output of the wind turbine to the

desired power output range; and,

adjusting the power output when the power output is out-

side the desired power output range.

2. The method of claim 1, further comprising:

determining a power limitation rate for the wind turbine;

and,

generating the first and second power curves based on the

power limitation rate.

3. The method of claim 2, wherein the desired power output
range corresponds to a range of power output values between
the first power curve and the second power curve at the
operating temperature.

4. The method of claim 2, wherein the power limitation rate
is determined based on at least one of the operating tempera-
ture and a component life curve of the wind turbine.

5. The method of claim 2, wherein the power limitation rate
corresponds to a rate at which a power output of the wind
turbine is to be adjusted based on changes in an operating
temperature of the wind turbine.

6. The method of claim 2, wherein the power limitation rate
corresponds to a slope of the first power curve and the second
power curve.

7. The method of claim 1, wherein the operating tempera-
ture corresponds to a component operating temperature of a
component of the wind turbine.

8. The method of claim 1, wherein adjusting the power
output when the power output is outside the desired power
output range comprises decreasing the power output when the
power output exceeds the desired power output range or
increasing the power output when the power output is below
the desired power output range.

9. The method of claim 1, wherein adjusting the power
output of the wind turbine when the power output is outside
the desired power output range comprises at least one of
adjusting a pitch angle of at least one rotor blade of the wind
turbine, adjusting a yaw direction of a nacelle of the wind
turbine or adjusting a torque acting on a generator of the wind
turbine.

10. The method of claim 1, wherein the operating tempera-
ture corresponds to a component operating temperature of the
wind turbine, wherein adjusting the power output of the wind
turbine comprises pitching at least one rotor blade of the wind
turbine in order to decrease the power output of the wind
turbine when the power output exceeds the desired power
output range go as to reduce the monitored component oper-
ating temperature.

11. A method for adjusting the power output of a wind
turbine based on component operating temperatures, the
method comprising:

determining a power limitation rate for the wind turbine,

the power limitation rate corresponding to a rate at
which a power output of the wind turbine is to be
adjusted based on changes in an operating temperature
of the wind turbine;

generating a first power curve and a second power curve

based on the power limitation rate, the first and second
power curves providing a correlation between the oper-
ating temperature and the power output of the wind
turbine; and,
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adjusting the power output of the wind turbine based on at
least one of the first power curve or the second power
curve.

12. The method of claim 11, further comprising:

receiving a signal associated with the operating tempera-

ture of the wind turbine; and

determining a desired power output range at the operating

temperature based on the first power curve and the sec-
ond power curve.

13. The method of claim 12, wherein the desired power
output range corresponds to a range of power output values
between the first power curve and the second power curve at
the operating temperature.

14. The method of claim 12, further comprising comparing
the power output of the wind turbine to the desired power
output range.

15. The method of claim 14, wherein adjusting the power
output based on at least one of the first power curve or the
second power curve comprises decreasing the power output
based on the first power curve when the power output exceeds
the desired power output range or increasing the power output
based on the second power curve when the power output is
below the desired power output range.

16. The method of claim 11, wherein adjusting the power
output based on at least one of the first power curve or the
second power curve comprises at least one of adjusting a pitch
angle of at least one rotor blade of the wind turbine, adjusting
ayaw direction of a nacelle of the wind turbine or adjusting a
torque acting on a generator of the wind turbine.
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17. The method of claim 11, wherein the power limitation
rate corresponds to a slope of the first power curve and the
second power curve.

18. The method of claim 11, wherein the operating tem-
perature corresponds to a component operating temperature
of'a component of the wind turbine.

19. A method for adjusting the power output of a wind
turbine based on component operating temperatures, the
method comprising:

receiving a signal associated with an operating temperature

of the wind turbine;

determining a power limitation rate for the wind turbine,

the power limitation rate providing a relationship
between of a power output and the operating tempera-
ture of the wind turbine;

generating a first power curve and a second power curve

based on the power limitation rate, the power limitation
rate corresponding to a slope of the first and second
power curves;

determining a desired power output range of the wind

turbine at the operating temperature based on the first
and second power curves;

comparing a power output of the wind turbine to the

desired power output range; and,

adjusting the power output when the power output is out-

side the desired power output range.
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